Occurrence of intervarietal or interspecific natural crosses has been reported for many crop plants in traditional farming systems, underlining the potential importance of this source of genetic exchange for the dynamics of genetic diversity of crop plants. In this study, we use microsatellite loci to investigate the role of volunteer seedlings (plants originating from unmanaged sexual reproduction) in the dynamics of genetic diversity of cassava ( Manihot esculenta Crantz), a vegetatively propagated crop, in a traditional farming system in Guyana. A previous field study showed that farmers incorporate such plants into the germplasm for vegetative propagation, and that many of them are likely to be assigned by farmers to recognized varieties. Under strict vegetative propagation clonality of varieties is expected. The high proportion of polyclonal varieties observed suggests that incorporation of seedlings into the germplasm for propagation is a frequent event. The molecular variability assessed with microsatellite markers shows that there is high differentiation among heterozygous varieties, whereas populations of seedlings do not depart from the proportions expected under Hardy-Weinberg assumptions. Assignment of seedlings to a recognized variety on the basis of morphological similarity greatly increases genetic diversity within the variety. We argue that recombination and gene flow play a major role in the dynamics of genetic diversity of cassava in traditional farming systems. Documenting unmanaged sexual reproduction and its genetic consequences is a prerequisite for defining strategies of in situ conservation of crop plant genetic resources.
Introduction
In traditional farming systems, the coexistence of different varieties of a given crop plant in the same field or in neighbouring fields is a common situation (Boster 1983; Clawson 1985; Louette et al . 1997) . The term 'variety' refers to the group of phenotypes identified by farmers under a single name. Sympatry of cultivated and related wild forms is also often observed in centres of origin of domesticated plants ( Jarvis & Hodgkin 1999) . Such a situation is very favourable to genetic exchange between individuals displaying different phenotypes, and may therefore lead to the production of new genotypes and phenotypes on which human and natural selection can operate. This should result in a very dynamic evolution of traditional landraces, especially in outcrossing species, as pointed out by several authors (Ellstrand et al . 1999; Jarvis & Hodgkin 1999) . However, at least two aspects of this question have been poorly investigated: (i) for domesticated plants that are mostly vegetatively propagated by man, the impact of sexual reproduction and recombination on genetic diversity is largely unknown, although examples of management by farmers of individuals resulting from sexual reproduction have been reported for potato ( Solanum spp., Johns & Keen 1986; Quiros et al . 1992) , cassava ( Manihot esculenta , Boster 1985; Chernela 1987; McKey & Beckerman 1993; Salick et al . 1997; Emperaire et al . 1998; Elias et al . 2001a,b ) and a few other vegetatively propagated crops (e.g. Shigeta 1996) . And (ii) the way farming practices encourage or eliminate these sexually produced seedlings found in fields, and thereby influence the occurrence of further introgression between varieties or between domesticated and wild forms, has been very poorly documented, especially for vegetatively propagated plants, and needs to be investigated ( Jarvis & Hodgkin 1999) .
Cassava is an interesting model for tackling these questions. Cassava is a root crop, vegetatively propagated by means of stem cuttings. The crop originates from the neotropics, and is now grown in all tropical regions. Cassava was probably cultivated as early as 7000 bp (Piperno & Holst 1998) , and recent analyses of genetic diversity in the genus Manihot , as well as phylogeographic studies, appear to support a single event of domestication in a restricted area in western Amazonia, from the wild form M. esculenta ssp. flabellifolia , synonym M. esculenta ssp. peruviana (Roa et al . 1997; Olsen & Schaal 1999 ). Inter-specific crosses involving cassava can be highly fertile (Jennings 1976; Nassar et al . 1986) , and hybrids of cassava with wild Manihot species have been reported (Second et al . 1997) . In Amazonian cassava farming systems, different varieties are intercropped in the fields (Boster 1983; Emperaire et al . 1998; Elias et al . 2001a) .
We have undertaken a pluridisciplinary study aimed at documenting the dynamics of cassava diversity in the traditional farming system of the Makushi Amerindians from Guyana. Makushi farming practices have been well studied (Elias et al . 2001a ). Makushi cassava cultivation is based on a slash-and-burn farming system, involving periods of cultivation of 2 or 3 years (i.e. two or three crops), and periods of fallow lasting 3 to more than 20 years. Previous field studies showed that most cassava varieties grown by the Makushi are fertile and produce seeds before plants are harvested. Seeds are dispersed first by dehiscence of the capsule (autochory), then by ants (myrmecochory), which with unknown frequency bury seeds in their nests (Elias & McKey 2000) . Seeds remain dormant in a seed bank during the fallow, and germinate at the same time as the new crop is planted with cuttings, after slashing and burning of fallow vegetation. Volunteer seedlings are not weeded by the farmers, but rather are looked after, cared for, and harvested when they reach maturity, just like plants originating from cuttings. If they are found satisfactory by the farmers, plants originating from seedlings may be multiplied as a new variety, or eventually assigned to a recognized variety with which they share morphological features (Elias et al . 2001a,b) .
In this paper, we present the first assessment for cassava of the genetic variability generated through sexual reproduction at the field level. Two populations of seedlings, as well as 29 recognized varieties, all collected from the same village, were characterized with microsatellite markers. The objectives of the present study were: (i) to assess the genetic structure of populations of sexually produced seedlings and compare it to that of the varieties; and (ii) to investigate the potential consequences at the genetic level of incorporating seedlings into recognized varieties.
Materials and methods

Plant material
Plant material (Table 1) was collected at Rewa, a 30-household village in Guyana, where at least 76 varieties are cultivated (Elias et al . 2001a ). Twenty-nine varieties cultivated in Rewa were included in this study. Among them, 26 were used in a study of agro-morphological diversity of the crop at the village level (Elias et al . 2001b ). On the basis of interviews of farmers and agronomic characterization of most of the varieties, we classified each of them by defining classes for four agronomic traits: the colour of the root (4 classes: 0 = white, 1 = cream, 2 = yellow, 3 = very yellow), the starch content of the root (5 classes: 0 = very watery, 1 = watery, 2 = half watery, 3 = dry, 4 = very dry), the cyanide content of the root or bitterness (4 classes: 0 = sweet, 1 = half bitter, 2 = bitter, 3 = very bitter) and the length of the cycle of cultivation (3 classes: 0 = short, 1 = medium, 2 = long). For each variety, 10 plants were collected, from one or several farmers depending on the variety. We also collected all individuals of two populations of plants originating from sexually produced volunteer seedlings, found in two currently cultivated cassava fields. These plants were characterized for morphological traits (Elias et al . 2001b) . Hereafter, these plants will be referred to as seedlings. Positions of the seedlings in each field, whose maximum dimension did not exceed 40 m, were mapped. All information concerning plant material is summarized in Table 1 .
Analyses of genetic variability with microsatellite markers
DNA extraction was performed on leaves dried for 48 h at 35 ° C, using the protocol described by Colombo et al . (1998) . We used eight microsatellite primers defined by Chavarriaga-Aguirre et al . (1998) , named GAGG5, GA12, GA131, GA140, GA21, GA126, GA134 and GA136. The same loci and two additional ones were used by Roa et al . (2000) to characterize 38 accessions of cultivated cassava forming a subsample of a core collection maintained at the International Center for Tropical Agriculture, Cali, Colombia (the subsample is referred to as the 'core of the core'), as well as accessions of wild cassava and wild Manihot species.
Polymerase chain reactions (PCRs), detection and sizing of alleles were performed at two different locations, with different methods of detection (silver staining and radioactivity). Control samples were used to ensure that the same alleles were obtained whatever the method used. Nonradioactive and radioactive PCRs were performed following the methods developed by ChavarriagaAguirre et al . (1998) . Nonradioactive PCR products were detected by silver staining as described by Le Thierry d 'Ennequin et al . (2000) . Radioactive PCR products were run on 5% denaturant-page polyacrylamide gels for 2 h.
Statistical analyses
Genetic variability in varieties and populations of seedlings. Allelic frequencies, observed heterozygosity ( H O ), gene diversity ( H E ) calculated as the Hardy-Weinberg expected heterozygosity (Nei 1978) and F -statistics (Wright 1978; Weir & Cockerham 1984) were calculated for the cultivated varieties and the seedlings using biosys -2 software (Swofford et al. 1997) . biosys -2 was also used for testing departure from the genotypic proportions expected under Hardy-Weinberg assumptions for the population of varieties and the two populations of seedlings at each locus. genetix software (Belkhir et al . 2000) was used to calculate the coefficient of correlation associated with unbiased linkage disequilibrium values between loci for the two populations of seedlings (Cockerham & Weir 1977) , as defined by Weir (1979) . Multidimensional analyses of the diversity among varieties and seedlings were performed using Factorial Correspondence Analysis (FCA) with genetix . The FCA was performed on the centroids of the varieties; individuals belonging to recognized varieties, or to the populations of seedlings, were plotted as supplementary individuals. Relationship between spatial distribution and genetic variability in the populations of seedlings. For each population of seedlings, the correlation between matrices of genetic and morphological distances was assessed with a Mantel test (Mantel 1967) , using genetix . Using the autocorg software (Hardy et al . 2000) , spatial distances between seedlings in each population were distributed among 10 classes. Classes were defined in a way that in each field all classes included approximately the same number of pairs of individuals (approximately 74 for population A, and 40 for population N). Moran's I statistic (Hardy & Vekemans 1999) was computed for each distance class.
Relationships between molecular variability and morphological diversity in varieties and seedlings. Morphological characterization was available for 26 of the 29 varieties used in this study, as well as for most of the seedlings (14 characters for the varieties, nine for the seedlings, Elias et al . 2001b ). We used this information to assess the correlation between morphological and genetic distances among the varieties, and among the seedlings of each population. Genetic distances between varieties were estimated using the chord distance of Cavalli-Sforza (Cavalli-Sforza & Edwards 1967) computed with biosys -2. For morphological distances between varieties, we used the Mahalanobis distance (Dagnélie 1975 ) between centroids of varieties, which was previously computed (Elias et al . 2001b ). For interindividual pairwise distances in each population of seedlings, we used the Nei & Li (1979) distance on microsatellite data, and euclidian distance on standardized morphological data, computed with statistica software (STATISTICA 1997).
Fertility of the varieties.
To estimate the potential contribution of the varieties to sexual reproduction, fertility was assessed by recording the total number of inflorescences (at all stages of development) on 17-38 individuals per variety, planted in the experimental design described by Elias et al . (2001b) . However, fertility was measured only in nine individuals for variety 35, while, because of tardily detected synonymy between varieties, 79 individuals were available for variety 49. Differences between varieties were investigated by an analysis of variance, followed by a Tukey-Kramer test (Sokal & Rohlf 1985) , performed with sas software (SAS 1996) .
Evaluation of genetic consequences of incorporation of seedlings into recognized varieties.
Observations in the field showed that seedlings are often assigned to recognized varieties by farmers, on the basis of morphological similarities (Elias et al . 2001a ). In a previous study, in order to simulate the incorporation of seedlings into the varieties, we performed a discriminant analysis on seedlings of populations A and N and on individuals of 26 of the 29 varieties of the present study, characterized by morphological descriptors involved in identification of varieties by farmers (Elias et al . 2001b ).
In our simulation, a total of 43 seedlings (26 from population A and 17 from population N) were assigned to a recognized variety. Genetic consequences of the incorporation of the seedlings into varieties were evaluated in terms of number of genotypes per variety, and of number of alleles per locus, before and after the incorporation of seedlings.
Results
Structure of the genetic variability of varieties and populations of seedlings
Distribution of allelic diversity among loci. Table 2 shows for each locus the number of alleles, the mean and standard deviation of allelic sizes, the mean observed heterozygosity, and gene diversity for the overall sample of cassava varieties. Table 2 also presents summary statistics averaged over all loci for the varieties and for each population of seedlings.
For each locus, sizes of alleles and their respective frequencies in the sample of the 290 individuals are shown in Table 3 .
All alleles detected for loci GA12 and GA126 had been detected by Roa et al . (2000) in the subsample of the core collection of cultivated cassava. For all other loci, a total of nine alleles that were not detected in the 'core of the core' were found, including four frequent alleles (allelic frequency greater than 0.1). Six of them had already been detected in another study involving Amazonian cassava landraces (data not shown). Among these alleles newly detected in accessions of cultivated cassava, four were also found in accessions of wild forms of Manihot esculenta or other wild Manihot species (Roa et al . 2000) .
Five alleles that were detected in the 'core of the core' (Roa et al . 2000) were not present in our sample.
Structure of the genetic variability of cultivated varieties.
In the overall sample of the varieties, 75 different multilocus genotypes were found. Varieties 2, 14, 23, 26, 36, 39, 40 and 59 were monomorphic on the basis of the eight loci used, i.e. for each of them all 10 individuals had identical multilocus genotypes, although all of them except varieties 36 and 59 were obtained from at least two farmers. Intravarietal polymorphism was detected for the 21 remaining varieties. Except for variety 24, intravarietal polymorphism was even detected among individuals sampled from the same farmer. Number of multilocus genotypes for polymorphic varieties varied from two for varieties 5, 19, 24, 41, 45, 49 and 57 to six for varieties 8 and 43, and even seven for variety 58, the sweet cassava. Within each polymorphic variety, one multilocus genotype was usually predominant over the others. Moreover, while some genotypes included in polymorphic varieties were close to each other, others were distant (e.g. those included in variety 43, Fig. 1a ). Identical multilocus genotypes were detected for individuals that belonged to different varieties. Pairs of varieties involved are 7 and 47, 7 and 54, 47 and 54, 54 and 57, 45 and 54, and 22 and 59. Varieties within each of these pairs are morphologically similar (Elias et al. 2001b) , and the fact that identical multilocus genotypes were detected is probably due to confusion of the farmers between these varieties.
Genetic differentiation among varieties was significant [averaged over the eight loci, F ST = 0.363 ± 0.021 ( P < 10 -4 ), ranging from 0.300 for locus GA140 to 0.467 for locus GA136]. A strong excess of heterozygotes was detected within variety [averaged over the eight loci, F IS = -0.551 ± 0.041 ( P < 10 -4 ), ranging from -0.293 for locus GA134 to -0.667 for locus GA126]. Differentiation among varieties and excess of heterozygotes within varieties resulted at the whole population level in either a slight excess or a slight deficit of heterozygotes, depending on the locus [averaged over the eight loci, F IT = 0.013 ± 0.049 ( P = 0.18), ranging from -0.124 for locus GA126 to 0.246 for locus GA134].
Structure of genetic variability in the populations of seedlings.
The number of alleles per locus, observed heterozygosity and gene diversity for the two populations of seedlings are presented in Table 2 . Both populations of seedlings had comparable levels of diversity, but neither of them had all the allelic diversity that was found in the set of all varieties. However, allele 104 of locus GA21 found in one seedling of population A was not detected among the 29 varieties studied. The observed mean heterozygosity across all loci Table 3 Sizes of alleles and their respective frequencies at each locus. Boldface type indicates alleles that were not detected in the subsample of the core collection of cultivated cassava (Roa et al., personal communication) . Among them, those that are underlined were detected in wild Manihot species (Roa et al. 2000) . was very close to the Hardy-Weinberg expected heterozygosity. Moreover, at each locus, after a Bonferroni correction for multiple independent tests, both populations of seedlings globally did not depart from the genotypic proportions expected under Hardy-Weinberg assumptions. There was significant, although weak, linkage disequilibrium for only six of 28 pairs of loci (GA131, GA140), (GAGG5, GA136) (GA140, GA136) (GA126, GA134) (GA126, GA136) and (GA134, GA136) for population A, and only for the pair (GA126, GA12) for population N (Table 4) .
There was slight genetic differentiation between the two populations of seedlings [averaged over the eight loci, F ST = 0.023 ± 0.008 ( P < 10 -4 ), ranging from -0.004 for locus GA126 to 0.039 for locus GA12], as well as a slight To exemplify genetic consequences of incorporation of seedlings into a recognized variety, grey triangles and squares represent individuals from each population that are likely to be assigned to variety 14 (grey circle, indicated by the arrow) on the basis of morphological similarities (Elias et al. 2001b ). Some seedlings assigned to variety 14 are genetically close to this variety, whereas others are genetically distant from the individuals of the variety [average Nei & Li (1979) genetic distance between the genotypes of seedlings and the genotype of the clonal variety 14: 0.393 ± 0.147, ranging from 0.083 to 0.583, but genetically close to individuals belonging to different varieties]. differentiation between each of them and the population constituted by the varieties [averaged over the eight loci, F ST = 0.026 ± 0.012 (P < 10 -4 ) between population A and the varieties, and F ST = 0.033 ± 0.014 (P < 10 -4 ) between population N and the varieties]. Figure 1(b) shows that the diversity of the two populations of seedlings overlaps to a large extent the diversity of the set of varieties.
The Mantel tests did not show any correlation between spatial and genetic distances (population A: Z = 9107, P = 0.455, r = 0.069, P = 0.436; population N: Z = 4560, P = 0.128; r = 0.077, P = 0.190). Similarly, for each distance class of each of the populations of seedlings, values of Moran's I statistic were never significantly higher than 0 (Fig. 2) .
Relationships between genetic variability and morphological diversity
Varieties. There was a significant positive association of genetic and morphological distances between the varieties (parameters of the Mantel test: Z = 19924, P = 0.038; r = 0.204, P = 0.054), but this association was weak (Fig. 3) . F-statistics associated with the classification of varieties into agronomic classes defined for bitterness, root colour, starch content and cycle of cultivation showed no molecular differentiation between classes (Table 5) .
Seedlings. Population A of seedlings showed a weak association between the structure of morphological variability and the structure of molecular variability assessed by microsatellite markers (Z = 2003, P = 0.060; r = 0.132, P = 0.050), while no significant association was found for population N (Z = 1636, P = 0.359; r = 0.026, P = 0.371).
Potential contribution of the varieties to sexual reproduction
The number of inflorescences varied greatly within variety (coefficient of variation on average higher than 100%, data not shown). Individual contribution to sexual reproduction is therefore expected to vary substantially. This trait also varied significantly among varieties (F 29,816 = 12.39, P < 10 -3 , see also Elias et al. 2001b) , from almost or totally sterile varieties (e.g. varieties 5, 26, or 112) to varieties bearing on average more than 15 inflorescences (e.g. varieties 40, 47 or 7). Analysis of paternity between seedlings and varieties was attempted, but the number and polymorphism of the microsatellite loci used in this study were not sufficient to allow a powerful discrimination between the potential parental pairs. It was, therefore, not possible to determine whether some varieties contributed significantly more to the seedlings than others.
Consequences at the genetic level of the incorporation of seedlings into cultivated varieties
Seedlings were usually not genetically close to the individuals of the variety into which they were likely to be incorporated on the basis of morphological characters, although in some rare cases they were, as for variety 14 and some seedlings incorporated into it in our simulation (Fig. 1b) . In most cases, they were closer to individuals of other varieties. As a result, incorporation of seedlings into Weir's (1979) coefficient of correlation corresponding to the unbiased estimate of linkage disequilibrium (Cockerham & Weir 1977) for each pair of loci in the two populations of seedlings (top right half matrix: population A; lower left half matrix: population N). Significance of the coefficient of correlation: NS = non significant, *P < 0.01, **P < 0.001, ***P < 0.0001 Table 6 Number of seedlings assigned to each variety (see Elias et al. 2001b) , and number multilocus genotypes and mean number of alleles per locus of each variety before and after incorporation of the seedlings varieties decreases the genetic differentiation between varieties. Incorporation of seedlings into a variety increased the number of genotypes represented in the variety and introduced new alleles in the variety (Table 6) , which increases the gene diversity of the variety. For variety 7, however, the sole seedling that was incorporated in the simulation had exactly the same multilocus genotype as one individual of this variety. All other seedlings, whether or not they were incorporated into any variety in the simulation, had a multilocus genotype unique among all individuals (seedlings or recognized varieties) sampled.
Discussion
Genetic structure of populations of seedlings
Seeds germinating in a newly burnt old fallow are certainly overwhelmingly those from the bank of dormant seeds produced by the individuals that were cultivated in the same parcel a few years previously (Elias & McKey 2000) . In the case of the two populations of seedlings studied here, both fields from which they were collected had been cultivated in a previous cycle for two consecutive years, then left fallow for five years, before again being cultivated in the year of our study. Neither population of seedlings globally departed from Hardy-Weinberg proportions, and linkage disequilibria between loci were weak. This suggests that the mating system was predominantly outcrossed. Sexual traits of cassava, such as strong protogyny (individuals are monoecious), insect pollination, and the existence of inbreeding depression (Kawano et al. 1978) are also consistent with an outcrossed mating system. Assessment of cassava breeding system using morphological markers (Pereira 1978 ) also supports the view that cassava is allogamous. However, in light of large differences among varieties in fertility and in frequency in the fields, it is highly improbable that all varieties equally participated in sexual reproduction.
The seedlings whose genetic composition we analysed in this study were morphologically differentiated from the set of varieties studied here, especially the seedlings of population N (Elias et al. 2001b) . However, allelic frequencies in both populations of seedlings were little differentiated from those of the overall sample of varieties, suggesting that the seedlings originated from crosses within a pool of varieties that were not genetically different from the overall sample of varieties, in terms of allelic frequencies at the microsatellite loci. Because of the weak correlation between structure of morphological variability and of genetic variability of microsatellite markers, higher contribution of some varieties sharing particular morphological traits (e.g. degree of branching, which, because of architectural constraints, is strongly associated with the fertility of the varieties, Elias et al. 2001b) does not necessarily imply differences in allelic frequencies at the microsatellite loci studied between these varieties and the whole set of varieties.
In neither of the fields sampled did molecular variability of the seedlings display a spatially structured pattern. Two reasons may account for this. First, seeds can be scattered several metres away from the plants that produced them by a double dispersal mechanism, involving explosive dehiscence of the fruit, followed by dispersal of seeds by ants (Elias & McKey 2000) . Second, because of the polyclonality of the varieties, and their spatial patterns in the fields (the same variety can be planted at several locations in the fields), effective sibs, i.e. seeds produced by genetically identical parents, can be produced at distant locations. However, slight but significant genetic differentiation between the two populations of seedlings was observed. This could be explained by genetic differences between progenitors of each population.
Sexual reproduction and dynamics of genetic variability of cassava
Cassava is a vegetatively propagated crop, and only a limited number of individuals per variety contribute stem cuttings to the next generation of planting (Elias et al. 2001a ), leading to a bottleneck at the variety level. A strong genetic differentiation between varieties is therefore expected, which was indeed observed. However, this study using microsatellite markers confirmed that most varieties (72%) were not monoclonal, even when individuals were collected from a single farmer, and in spite of genetic drift due to the bottleneck combined with vegetative propagation. In a previous study including 20 of the varieties used in the present study, we had already shown, with amplified fragment length polymorphism (AFLP) markers, that a large proportion of the varieties (66%) were not monoclonal . Polyclonality has also been detected among traditional varieties of cassava cultivated in Brazil (Colombo 1997; Second et al. 1997; Sambatti et al. 2001) and in Malawi (Mkumbira et al., in preparation) .
Several reasons can account for existence of polyclonal varieties. First, 11 multilocus genotypes differed only by one allele from another multilocus genotype of the same variety, a difference which could be reasonably attributed to mutation. In other cases, intravarietal polyclonality can be attributed to the confusion of genetically distinct individuals that share similar morphological features (Elias et al. 2001b) . This was indeed the case for five pairs of varieties, which are also frequently confused by farmers (M. Elias, personal observation) . Confusion between morphologically similar varieties cannot account for all cases of polyclonality detected, because most varieties involved are distinctive enough to be identified without risk of confusion (Elias et al. 2001b) . Previous results have led us to propose that incorporation of individuals originating from sexually produced seeds into the germplasm used for vegetative propagation, including the assignment of some of these individuals to recognized varieties, plays a major role in the dynamics of the genetic diversity of cultivated varieties of cassava in traditional farming systems (Elias et al. , 2001b Elias & McKey 2000) . Assignment of seedlings to recognized varieties increases the genetic diversity within varieties, in terms of number of genotypes and allelic diversity, all the more as there is little or no association between morphological and genetic distances among seedlings.
We showed a strong excess of heterozygous genotypes within varieties of cassava included in this study. This excess of heterozygotes may simply result from the varieties being monoclonal, or polyclonal with a predominant genotype. For a monoclonal variety, the homozygous state at a given locus leads to computation of no F IS value (F IS cannot be estimated for a fixed homozygous genotype), while the heterozygous state leads to F IS values equal to −1. While heterozygote excess cannot alone provide evidence for heterosis, reports of high heterozygosity of cassava varieties compared to wild forms or wild species (Olsen & Schaal 1999; Roa et al. 2000) , and the existence of inbreeding depression (Kawano et al. 1978) , are both consistent with heterosis. In contrast, each population of seedlings conformed to the genotypic proportions expected under Hardy-Weinberg assumptions. In the field, it was not possible to have consistent information about the decision of farmers as to whether particular seedlings would be kept or discarded. While some farmers told us they systematically multiplied every seedling they found in their farms, they admitted they often discarded the least productive ones after a few generations of vegetative propagation. Other farmers stated that they immediately select the seedlings to be multiplied (i.e. when they harvested them), discarding the rest. Under heterosis, i.e. if heterozygous genotypes at selected loci are on average more vigorous than homozygous ones, one should expect the subset of seedlings actually multiplied (on the basis of evaluation of their productivity, among other traits) to be highly heterozygous also at neutral loci. Preliminary data tend to support this hypothesis (M. Elias, unpublished data), but this point needs to be confirmed.
The high diversity found in seedlings both at the molecular (this paper) and morphological (Elias et al. 2001b ) levels suggests that seedlings are produced by frequent and broad intervarietal recombination, favoured by intercropping. Existence of gene flow between varieties via incorporation of seedlings, together with the maintenance of heterozygosity through vegetative propagation, may account for the relatively moderate genetic differentiation among varieties, with values of F ST much lower than one, despite the bottleneck affecting the varieties each planting generation.
In our study, we detected in one seedling an allele that was not detected in any of the 29 varieties. This allele is probably a rare allele present in one or a few varieties that were not included in the study sample, but we cannot discard the possibility that this seedling was produced by a variety bearing this allele that is no longer cultivated in the village. Because seeds usually germinate several years after they are produced (Elias & McKey 2000) , they may include alleles that have become rare or have even been lost since the seeds were produced.
Overall, the high proportion of polyclonal varieties detected with both AFLP markers and microsatellite markers, despite the strong bottleneck affecting each variety at every planting generation, suggests that incorporation of seedlings into recognized varieties, and more generally into the material of propagation, is much more frequent than usually suspected. In the literature, although presence and use of seedlings have been reported among many groups of traditional cassava farmers (Boster 1984; Chernela 1987; Salick et al. 1997; Emperaire et al. 1998) , their occurrence and incorporation have often been regarded as rare phenomena by the authors. We argue that frequency of seedlings may have been underestimated among other groups of cassava farmers in the literature. Makushi farmers, for instance, do not spontaneously offer information about volunteer seedlings, and interviews would not give the impression that their incorporation is a frequent practice, unless the investigator poses precise questions about this aspect. Even when such questions are posed, farmers tend to underestimate the actual frequency of this practice (based on censuses of plants in farmers' fields, Elias et al. 2001a) . The Makushi farming system may therefore be representative of other traditional cassava farming systems, and the use of sexually produced seedlings in traditional cassava farming in Amazonia may be the rule rather than the exception.
Occurrence of gene flow between varieties in traditional cassava farming systems also raises the question of whether gene flow might occur between cultivated and wild forms of cassava, or with other wild Manihot species. Introgression of wild forms or other wild Manihot species into cultivated forms could account for the presence in our study sample of alleles that were detected only in wild forms of M. esculenta or other Manihot species by Roa et al. (2000) . Alternatively, these alleles could have been present in the initial domesticated pool, but were not represented in the 'core of the core'. These alleles may also have arisen independently by mutation in cultivated cassava, resulting in convergent allelic size with alleles of wild Manihot.
Sexual reproduction and evolution of cassava
Exclusively vegetative propagation is expected to produce linkage disequilibria. Association between neutral molecular markers and loci involved in agronomic and morphological characters is therefore expected. In the present study, there was only little correspondence between the structure of molecular polymorphism revealed by microsatellite markers, and that of agro-morphological variability, confirming previous results obtained using AFLP markers (Elias et al. , 2001b . Selection on agronomic characters (which can be directional, disruptive or diversifying, depending on the trait under consideration) as well as diversifying selection for morphological characters (Boster 1985) , may have taken place repeatedly and independently. Such selection, combined with sexual reproduction that leads to recombination between neutral loci and genes involved in agronomic and morphological characters, may account for the observed patterns of molecular and agro-morphological diversity. Our results testify to the contemporary importance of sexual reproduction in the dynamics of cassava due to the incorporation by farmers of sexually produced plants into the material for vegetative propagation. The contemporary importance of sexual reproduction in dynamics of cassava diversity may reflect the role of sexual reproduction during the domestication of cassava, and during its evolution. Sexual reproduction may have been particularly crucial during the domestication of cassava, because wild forms have a very low aptitude for vegetative reproduction (Antonio Costa Allem, personal communication). Recombination may also have greatly facilitated the accumulation of domesticated characters (Elias & McKey 2000) . Similar processes may have acted during the evolution of other vegetatively propagated crops (e.g. potato, Johns & Keen 1986; Quiros et al. 1992; sweet potato, Yen 1968; and ensete, Shigeta 1996) , challenging the classical view of evolution of such crops, for which sexual reproduction is commonly regarded as anecdotal or even nonexistent (Zohary 1984) .
Conclusion
This study underlines the importance of genetic exchange within populations of domesticated cassava in traditional farming systems, for the maintenance and the dynamics of genetic diversity in this vegetatively propagated crop. Ethnological and ecological observations have shown that such genetic exchange is favoured by traditional farming practices (Elias & McKey 2000; Elias et al. 2001b) . To fully explore the consequences of the incorporation of sexually produced plants into the germplasm for propagation, more data are needed concerning the behaviour of the farmers towards these plants (criteria for multiplying the seedlings, frequency of multiplication of seedlings, real frequency of assignment of seedlings into a recognized variety), the breeding system of cassava and ecology of its sexual reproduction (phenology, fertility, pollination, dispersal, seed predation, dormancy and germination).
There is an urgent need for defining strategies of dynamic conservation of genetic resources (FAO 1996) ; our findings argue in favour of in situ conservation of genetic resources of crop plants as an important component of such a dynamic strategy (see also McKey et al. 2001) . Ecological and social determinants that allow a dynamic management of genetic resources of crop plants in traditional farming systems may be relatively fragile, especially when faced with forces such as modernization of farming practices and economic pressures.
Finally, the existence of considerable genetic exchange within populations of crop plants, and the potential for hybridization with wild relatives, even in crops thought to be insulated from this process because they are 'vegetatively propagated', raise the question of the consequences of release of genetically modified varieties, associated with high risks of diffusion of transgenes.
